We perform Zeeman spectroscopy on a Rydberg electromagnetically induced transparency (EIT) system in a room-temperature Cs vapor cell, in magnetic fields up to 50 Gauss. The magnetic interactions of the |6S 1/2 F g = 4> ground, |6P 3/2 F e = 5> intermediate, and |33S 1/2 > Rydberg states that form the ladder-type EIT system are in the linear Zeeman, quadratic Zeeman, and the Paschen-Back regimes, respectively. We explain the dependence of Rydberg EIT spectra on the magnetic field and polarization. The asymmetry of the EIT spectra, which is caused by the quadratic Zeeman effect of the intermediate state, becomes paramount in magnetic fields ≥40 Gauss. We investigate the interplay between Rydberg EIT, which reduces photon scattering, and optical pumping, which relies on photon scattering. We employ a quantum Monte Carlo wave-function approach to quantitatively model the spectra and their asymmetry behavior. Simulated spectra are in good agreement with the experimental data.
Introduction
Rydberg atoms, highly excited atoms with principal quantum numbers 1 n >> [1] , possess extraordinary properties, such as long lifetime and strong dipole-dipole interaction. These offer considerable potential for applications in quantum information processing [2, 3] , nonlinear optics [4, 5] and non-equilibrium phenomena [6] [7] [8] . Their strong response to microwave electric fields makes these atoms attractive for performing traceable microwave measurements [9, 10] . Electromagnetically induced transparency (EIT) [11] , a quantum interference effect, has been extended to ladder-type systems that include Rydberg energy levels. A. K. Mohapatra et al. introduced EIT as an optical, nondestructive method to probe Rydberg states in vapor cells [12] . Later, a giant electro-optic effect based on polarization dark states was observed [13] . C.Wade et al. demonstrated a room-temperature Terahertz detector basing on Terahertz-driven non-equilibrium phase transitions using Rydberg EIT in a thermal vapor cell [14] . Sedlacek et al. demonstrated polarization measurement of microwave electric fields in a Rydberg EIT system, accounting for 52 levels [15] . The features of AulterTowns splitting and EIT depend on the polarizations of the microwave electric field and the two excitation beams. In our previous work we investigated the role of the laser-field polarization in Rydberg EIT, and qualitatively modeled its Zeeman spectra using standard density matrix method [16] . The effect of optical pumping on the transmission, width and profile of EIT spectra has already been discussed in Λ and ladder-type systems [17] [18] [19] [20] . The effect of optical pumping in diatomic molecules has been investigated [21, 22] . Recently, it has been shown that the Zeeman effect and optical pumping play important roles in quantum information processing and Rydberg-atom molecules [3, [23] [24] [25] .
Level populations and coherences in ladder-type Rydberg EIT systems are affected by the Zeeman shifts of the magnetic sub-states of ground, intermediate and Rydberg energy levels. Linear and quadratic Zeeman splittings affect EIT line positions and optical pumping rates, and have a pronounced effect on the steady-state and dynamic behavior. The systems exhibit an interdependence between optical pumping, which scales with the photon scattering rate, and EIT, which reduces photon scattering. In vapor cells one further needs to account for a continuum of velocity classes and Doppler shifts, which add to the multitude of lines that can be simultaneously observed [26] . The observed line shapes depend on Zeeman shifts and optical pumping, with the quadratic Zeeman effect introducing strong asymmetries in the line patterns. In the present work we perform a careful analysis of these phenomena. The results are relevant in applications that involve moderate magnetic fields, in the range of tens to hundreds of Gauss, and in which Rydberg level shifts are used to diagnose other fields. Our results are, for instance, applicable to electric-field diagnostics in plasmas confined / guided by magnetic fields (process plasmas, plasma discharges, Hall thrusters etc.) [27] [28] [29] .
In the present work, we study Rydberg EIT in a vapor cell in a magnetic field that is parallel to the laser-beam directions. The Rydberg EIT spectra exhibit quadratic Zeeman shifts and asymmetries that develop with increasing magnetic field, and that become significant at fields as low as a few tens of Gauss. Our study shows that these features are caused by the quadratic Zeeman effect of the 6P 3/2 F e = 5 levels, and by the interplay between EIT and optical pumping. We also observe EIT doublets that reflect the spin-up/spin-down structure of the Rydberg energy levels (which are deep in the hyperfine Paschen-Back regime). We employ a quantum Monte-Carlo wave-function (QMCWF) approach to model the Zeeman spectra of Rydberg EIT. Simulation results are in good agreement with our experiments and afford further insight into the optical-pumping dynamics.
Experimental setup
The ladder three-level system is formed by the ground state 6S 1/2 (F g = 4), the intermediate state 6P 3/2 (F e = 5) and the 33S 1/2 Rydberg state of 133 Cs, which are denoted |g>, |e> and |r>, respectively, as shown in Fig. 1(a) (left) . The experiments are performed in a roomtemperature Cs vapor cell with the counter-propagating probe and coupling beams focused into the center of the cell. The experimental setup is sketched in Fig. 1(b) . The laser beams propagate in the z direction (quantization axis), parallel to the magnetic field. The probe laser (DL100, Toptica) has a wavelength λ P ≈852 nm. The probe beam has a power of 2 μW and a 1/e 2 waist of ω 0 = 130 μm. The probe laser is locked on a high-finesse Fabry-Perot cavity with a spacer made from ultra-low thermal expansion glass (Stable Laser Systems ATF-6010-4) and has a linewidth smaller than 100 kHz. The probe laser resonantly drives the 6S 1/2 (F g = 4)→ 6P 3/2 (F e = 5) transition. The coupling laser is a frequency-doubled Toptica TA-SHG Pro system with an output wavelength λ C ≈510 nm. The coupling beam has a power of 20 mW, a 1/e 2 waist of 130 μm, and a linewidth of about 1 MHz. The coupling laser is scanned through the 6P 3/2 (F e = 5) →33S 1/2 Rydberg-state transition. During the experiments, the probe laser is locked on-resonance, and its transmission through the atomic vapor cell is monitored while the coupling laser is scanned. In this method, there is no variation of the coupling-beam-free absorption signal, as the probe always resonantly interacts with the same velocity class in the Maxwell velocity distribution. The coupling-beam-induced EIT transmission peaks then appear on a flat background. As sketched in Fig. 1(b) , the Cs vapor cell (length 4 cm and diameter 2 cm) is placed inside a much longer cylindrical solenoid (length 25 cm, inner diameter 5 cm, three layers of 211 windings each), so that the uniformity of the magnetic field along the length of the vapor cell is guaranteed. The magnetic field is set to values between 0 and 50 Gauss, with a variation of less than ± 0.1 Gauss within the cell. The solenoid is enclosed within several layers of magnetic-shielding material to eliminate the influence of environmental magnetic fields. To ensure well-defined polarizations, both the coupling and probe beams are passed through combinations of half-wave plates (λ/2), Glan-Taylor polarizers (GTP) and quarter-wave plates (λ/4), located immediately before the beams enter the cell. The probe and coupling beams are counter-propagating and focused into the center of the cell, which is contained in a cylindrical solenoid and multi-layer magnetic shield. The indicated coordinates define magnetic-field and polarization directions. Half-wave plates (λ/2), GlanTaylor polarizers (GTP) and quarter-wave plates (λ/4) are used for polarization control.
Considering that the thermal velocity in one dimension is 140 m/s, for the given beam diameters the effective atom-field interaction time is 1 μs. This value is important because it limits the effectiveness of optical pumping, and it is used in the theoretical model in Sec. 3 as propagation time of the quantum trajectories.
We use an auxiliary magnetic-field-free EIT reference setup (not shown), which is similar to the one sketched in Fig. 1(b) and is operated with the same lasers as the main setup. When scanning the coupling laser, the EIT spectrum from the reference cell exhibits a pair of peaks that correspond to the two magnetic-field-free cascade transitions 6S 1/2 (F g = 4)→6P 3/2 (F e = 5)→33S 1/2 and 6S 1/2 (F g = 4)→6P 3/2 (F e = 4) →33S 1/2 . The separation between the two reference peaks is 168 MHz (i. e., the actual 6P 3/2 (F e = 4) to 6P 3/2 (F e = 5) splitting multiplied with a Doppler correction factor (λ P /λ C )-1) [27] . This allows us to calibrate the coupling laser frequency, and to precisely measure the absolute Zeeman splittings due to the magnetic field applied to the vapor cell. The coupling frequency at which the 6S 1/2 (F g = 4)→6P 3/2 (F e = 5) →33S 1/2 reference peak occurs defines Δ C = 0 in the following EIT spectra.
Theoretical model

Hyperfine Hamiltonian and EIT resonances
In our calculations we employ the {|m I , m J >} basis, with m I = −7/2,-5/2, ..., 5/2,7/2 for 133 Cs and m J = ± 1/2 for |g> and |r>, and m J = ± 1/2, ± 3/2 for |e>. In this basis, the computation of the matrix elements of the below operators is straightforward.
For an atom with velocity v in the z direction, the Doppler corrected field-free part of the total effective Hamiltonian is 
where A hfs , B hfs are the magnetic dipole and electric quadrupole constants of the hyperfine structure (HFS), respectively (the magnetic octupole interaction is neglected). Values for the ground-and intermediate state hyperfine constants are taken from [30] . The electronic-and nuclear-spin operators are denoted Ĵ and Î, respectively. For the ground and Rydberg states B hfs = 0. For nS 1/2 Rydberg energy levels A hfs = h × 13.2 GHz/(n-δ S ) 3 [31] , with quantum defect δ S = 4.05. For 33S 1/2 , the Rydberg state used in this work, the energy separation of the field-free F r = 3 and F r = 4 HFS states is only about h × 2MHz. In the magnetic-field range studied and at the present level of precision, which is limited by the EIT linewidth, this Rydberg HFS is negligible. Table 1 . Sketch of the total Hamiltonian of our ladder-type system.
For a magnetic field B pointing in the z direction, the interaction Hamiltonian can be given by
where μ B is the Bohr magneton, and g J and g I are the Landé g-factor and the nuclear g-factor (g I << g J ). The optical atom-field interactions are, in the rotating frame,
with field amplitudes E i , polarization unit vectors ε i and electric-dipole operators ˆi d , for the probe and coupling fields i = P and C, respectively. In the geometry in The structure of the total Hamiltonian of our ladder-type system is illustrated in Table 1 . It is seen that the Hamiltonian takes a block-diagonal form. The diagonal blocks contain the hyperfine [Eq. (2)], magnetic [Eq. (3)] and field-free terms [Eq. (1)]. The decay of the system almost exclusively comes from the spontaneous emission of the 6P 3/2 level, which is included in the center diagonal block. The diagonal blocks also depend on the atom velocity, as shown in [Eq. (1)]. The off-diagonal blocks contain the optical couplings [Eq. (4)], which are m Jdependent according to the given polarization. As shown in Fig. 1 (a) (right), the degeneracy of the Zeeman sublevels is lifted when the external magnetic field is applied. The figure shows the case of a weak field (about 10 Gauss). The ground levels are well within the linear Zeeman regime, in which the usual F and m F quantum numbers are good quantum numbers. The ground-state hyperfine Landé g-factor g F,g equals 0.25. In Fig. 1 (a) the intermediate levels are still within the linear Zeeman regime, with g F,e = 0.4, but develop significant quadratic Zeeman effect for larger magnetic-fields. The Rydberg state is deep in the PaschenBack regime, where F and m F are not good quantum numbers. For |r>, all magnetic sub-states have well-defined m J , and the nuclear magnetic moment, m I , contributes no significant energy shift. Hence, the Rydberg states in the magnetic field have just two sets of m I -degenerate levels, which are labeled spin-up and spin-down in Fig. 1(a) . While the Zeeman shifts range from the linear (|g>) and the quadratic Zeeman (|e>) to the deep Paschen-Back regime (|r>), in our geometry the quantity m I + m J is well-defined in all regimes. In Fig. 1(a) , both probe and coupling lasers are linearly polarized in x-direction and consist in equal parts of σ + -and σ --components with respect to the z quantization axis (which is parallel to the magnetic field, as seen in Fig. 1 ). The major transitions are labeled A, B, C, D and A′, B′, C′, in analogy with the labeling used in the EIT spectra below. In Fig. 1 g J,r (i.e., the Rydberg-level shifts due to the nuclear magnetic moment are even less than those due to the Rydberg-HFS). As a result, there are only two relevant Rydberg energy levels, m J = ± 1/2, and they are essentially m I -degenerate (see Fig. 1 (a) ). Taking into account all hyperfine shifts and magnetic splittings of the relevant levels as a function of B [4] , there is a large number of electric-dipole-coupled transitions with different detuning (see Fig. 1 (a) ). For fields B≥10 Gauss the second-order Zeeman effect of the intermediate level becomes important; in this case the magnetic level shifts Δg and Δe are obtained by diagonalization of the optical-field-free Hamiltonian in the {|m I , m J >} basis. The EIT line positions for fixed probe detuning Δ P are obtained by requiring resonance for both the probe and the coupling laser on a three-level ladder connected via dipole-allowed transitions. The resonance conditions are solved by treating the atom velocity v and coupling-laser detuning Δ C as free variables. The solutions are ( )
with sets of detunings Δg, Δe and Δr that correspond with sets of three states that have dipoleallowed probe and coupling transitions. There are many solutions, as indicated in Fig. 1(a) . For B≤10 Gauss, the detunings follow from Eq. (5). Since in much of our work the magnetic field is higher, we obtain detunings and magnetic-field-perturbed states by numerical diagonalization of Ĥ hfs + Ĥ B (see Eqs. (2) 
Monte-Carlo approach to model optical pumping and EIT lineshape
To interpret the rich structure that we measure in our experimental Rydberg EIT spectra in magnetic fields (multiple line positions, line strengths and line shapes), it is essential to employ a quantitative model that accounts for the exact dependence of the optical couplings on magnetic quantum numbers and beam polarization, atom decay, optical pumping among the magnetic sublevels, the nonlinear Zeeman effect, and Rydberg-level dephasing. In the geometry given in Fig. 1(b Cs, which has I = 7/2, the size of the relevant Hilbert space is N = 64. This is sufficiently large to seek the benefits of the quantum Monte-Carlo wavefunction (QMCWF) method to determine the density matrix, rather than to directly solve the quantum Master equation. In the QMCWF approach [32, 33] , one generates large sets of quantum trajectories whose evolution consists of deterministic segments of Hamiltonian propagation (with a non-Hermitian effective Hamiltonian) and discrete, stochastic quantum jumps. After each quantum jump the wavefunction is re-set to a new, normalized wavefunction that is consistent with the quantum measurement of a spontaneously emitted photon. The density matrix is constructed from an average over a sufficiently large sample of quantum trajectories. It has been shown that the QMCWF method is equivalent to the standard density matrix analysis [15] . If the dimension of the quantum system is large, as in the present case with N = 64, the number of variables in the wavefunction process (N = 64) is much smaller than the number of variables in the density-matrix analysis (N 2 = 4096), so that the QMCWF becomes numerically a better choice. The QMCWF method also extends to even larger systems, such as ones that involve D-state Rydberg energy levels (for which the dimension of the quantum system would be N = 128). Therefore, for our interpretation of the 133 Cs Rydberg EIT spectra we employ the QMCWF method. The fundamentals of the method are explained in Refs [32, 33] ; our own work on QMCWF in context with laser cooling in a variety of optical lattices is summarized in [34] and references therein. In the present work, we use the QMCWF to obtain the probephoton scattering rate per atom on a grid of atom velocities v in the cell and over a range of the coupling laser detuning Δ C , for selected values of the magnetic field B and radial Rabi frequencies, Ω P,r and Ω C,r , and for the laser polarization we have investigated in the experiment. As sufficiently large atom samples we typically use 2000 quantum trajectories integrated over 1 μs each. The propagation time has been chosen to be 1 μs because the atomfield interaction time in the cell is on that order (see Sec. 2). We also have allowed for a Rydberg-collision-induced phase diffusion of the Rydberg-state part of the quantum trajectories; the Rydberg phase diffusion rate used is 1.8 × 10 6 s −1 , corresponding to an average phase change of about π/2 over the interaction time. The experimental data show an increase in transmission above its coupling-laser-free value. EIT on the various three-level ladder systems identified in Fig. 1(a) results in several peaks. The QMCWF simulations show the number of photons scattered by a typical atom sample in the cell (note the number of scattered photons is plotted in descending direction). EIT corresponds with a reduction in photon scattering. With increasing magnetic field, the Rydberg EIT line splits into two approximately symmetric main peaks A′ and A. Asymmetric satellite lines, labeled B′, C′ and B, C, D, appear outside of the interval between A′ and A. The peak labels correspond to the transition labels in Fig. 1(a) .
Experimental spectra of Rydberg EIT in magnetic field
Magnetic-field-induced EIT line asymmetry
Figures 2(a) and 2(b) show experimental Rydberg EIT spectra in axial magnetic fields of B = 5 Gauss and 40 Gauss, respectively, as well as the results of corresponding QMCWF simulations. The probe and coupling beams are both linearly polarized in x-direction. The intrinsic EIT linewidth is ~8 MHz; it is mostly due to power broadening on the probe and coupling transitions as well as residual laser linewidth effects. In Fig. 2(a) we mostly see a peak height difference on the order of 10%, while in Fig. 2(b) the heights, shapes and relative line positions differ for positive and negative detuning. In the following we discuss the reasons for these asymmetries.
In the 5-Gauss case, it is observed that the Rydberg EIT spectrum splits symmetrically into two peaks of approximately equal shape. The corresponding EIT resonance conditions that follow from Eq. and 6.0 m/s (red-shifted peak, A'). For the velocity class near −6.0 m/s, the σ + -component of the x-polarized probe field is closer to resonance, leading to optical pumping close the state m F,g = 4, which in turn produces the strong blue-shifted EIT peak A, in conjunction with theσ --component of the x-polarized coupling field. Similarly, for v ≈ + 6.0 m/s the σ --component of the probe field is closer to resonance, leading to optical pumping close to m F,g = −4, which produces the red-shifted peak A′, in conjunction with the σ + -component of the coupling field. Since the optical pumping is not perfect, a small fraction of the atoms reside in m F,g = ± 3, ± 2, .... Those atoms are driven on the B and B′ etc. sequences (see Fig. 1(a) ), leading to a slight broadening on the blue side of A and the red side of A′. Without quadratic Zeeman shift, and if the F e = 4, 3 HFS levels were several GHz away from F e = 5, the situation in Fig. 2(a) would exhibit perfect symmetry about Δ C = 0. The slight asymmetry Fig. 2(a) , seen in both the experiment and the simulation, is a first indication that quadratic Zeeman shifts, and possibly other intermediate-state HFS levels, play a role even at small fields. It is somewhat surprising that at fields as small as 5 Gauss there already is evidence for the effects of quadratic Zeeman shifts on EIT spectra. In the 40-Gauss data, shown in Fig. 2(b) , the weak satellite peaks, labeled B′, C′ and B, C, D, are largely resolved and appear outside the interval between A′ and A. The satellite peaks are cascades identified by corresponding labels in Fig.  1(a) . Both the separations and the strengths of the satellite peaks are highly asymmetric in the 40-Gauss magnetic field. The asymmetry in the positions and the strengths of the satellite peaks increases with magnetic field. It is due to the interplay between optical pumping and the quadratic Zeeman effect for hyperfine states, which introduces the asymmetry in the line splitting and, more importantly, in the optical-pumping efficiency and the resultant relative strengths of the satellite peaks relative to the main (A and A′) peaks (see Sec. 4.3).
EIT line positions and splittings
We have taken a series of data similar to Fig. 2 for a series of magnetic fields. The measured and calculated shifts of the two main EIT peaks, A and A′, and of the three blue-shifted satellite peaks, B, C and D, are shown as a function of magnetic field in Fig. 3(a) . In the calculations we use Eq. (6) with level shifts Δ g (B), Δ e (B) and Δ r (B) taken from numerical diagonalization of Ĥ hfs + Ĥ B (see Eqs. (2) and 3) within the respective ground-, intermediateand Rydberg-level subspaces. The larger error bars and the absence of satellite peaks in magnetic fields < 15 Gauss reflect the fact that in such small fields the Zeeman splittings between the satellite lines cannot be experimentally resolved. In Fig. 3(a) it is seen that the two main peaks shift linearly as a function of magnetic field. This is expected because these peaks only involve aligned states, i.e. states with m I + m J = I + J. Those states have no quadratic Zeeman effect in the magnetic-field range of interest. Close inspection of Fig. 3(a) further reveals that the satellite peaks deviate from the dashed straight lines, which mark the line positions one would observe under absence of quadratic Zeeman shifts. The experimentally observed and calculated deviations of the EIT peaks from the straight lines are in excellent agreement. They are almost entirely due to the quadratic Zeeman effect of the magnetic sublevels of the intermediate (6P 3/2 ) state, and they become significant at fields larger than about 20 Gauss. At the largest field in Fig. 3 the nonlinear contribution to the shift of the D-peak approaches 10 MHz, corresponding to about ten times the uncertainty in the experimental line positions. Figure 3(b) shows measured and calculated intervals between the two main peaks divided by the magnetic field, Δχ AA′ = (A − A′)/B, as a function of the line positions A and A′and the magnetic field B. The calculated value for Δχ AA′ is fixed at 2π × 1.88 MHz/Gauss, while the observed Δχ AA′ -value approaches the calculated result to within the uncertainty for fields B exceeding about 15 Gauss. The disagreement between the calculated and observed Δχ AA′ -values seen at small fields is likely due to the fact that in small fields the satellite and main lines are not resolved. In that case, the A, B, C and D lines merge into a single line whose center is blue-shifted relative to the calculated A-line. Likewise, the A', B' etc. lines merge into a single line that is red-shifted relative to the calculated A′-line. As a result, at small fields the measured Δχ AA′ -values exceed the calculated ones. In Fig. 3(b) we also show the average splitting between adjacent satellite peaks divided by B, denoted Δχ sat . The measured Δχ sat -value gradually increases from about 2π × 0.25 MHz/Gauss at 15 Gauss, where the satellite lines start to become resolved, to 2π × 0.28 MHz/Gauss at 50 Gauss. The calculated Δχ sat -value increases from 2π × 0.21 MHz/Gauss at zero field to 2π × 0.28 MHz/Gauss at 50 Gauss; the increase is due to the quadratic Zeeman shift. Considering the EIT linewidth in the experiment, experimental and calculated data in Fig. 3(b) are in good agreement and validate the importance of the quadratic Zeeman effect even in small magnetic fields. 
Interplay between optical pumping and EIT
In this section we discuss optical-pumping effects and their relation with EIT. In optical pumping [35] , the distribution of atomic populations over the Zeeman sublevels becomes non-thermal after several absorption emission cycles. Without magnetic field and for zero velocity atoms, probe light that is linearly polarized along x optically pumps atoms mostly into the states |6S 1/2 , F = 4, m F,g = ± 4>, implying a symmetric situation in which the A and A′ probe transitions in Fig. 1 account for most absorption. The optical pumping is reduced when the degeneracy of the Zeeman transitions is lifted. Under presence of a magnetic field pointing along z, the transitions driven by the σ + -and σ --components of the x-polarized probe field become detuned from one another, due to the different g F -factors of the 6S 1/2 and 6P 3/2 states. In this case, optical pumping primarily occurs for combinations of atom velocities and probe detuning for which either the A or the A′ probe transition is near-resonant (but not both). This is illustrated by simulation results in Fig. 4 under a magnetic field of 40 Gauss and Δ P = 0. As seen from Eq. (6), for fixed Δ P the free parameters available to achieve the EIT resonance condition on both the probe and the coupling transitions are the atom velocity v in the z direction and the coupling detuning Δ C . The range of available velocity classes to satisfy the conditions follow from the Maxwellian density distribution of thermal atoms, However, these atoms have lower photon scattering rates, and they contribute little to the overall absorption behavior. For completeness we note that in our magnetic-field range the resonant velocities are much smaller than the root-mean-square atomic velocity. Therefore, the density reduction in N(v) due to the Maxwell distribution is only on the order of 5% and has no significant effect on the spectra. It is further noteworthy that away from the EIT resonances the coupling beam has very little effect on optical pumping behavior. This reflects the fact that away from the EIT resonances there is no velocity-detuning pair (v,Δ C ) that satisfies an EIT double-resonance for both coupling and probe fields. However, on the EIT resonances the coupling inhibits probe-photon scattering, leading to substantial drops in photon scattering and opticalpumping efficiency. For instance, the EIT peak labeled A reduces <m I + m J > from about 3.48 to 3.16, and the EIT peak labeled A′ reduces | <m I + m J >| from about 3.84 to 3.66. The corresponding "grooves" in the photon-scattering and optical-pumping maps are clearly seen in Fig. 4 .
In simulations not shown, the asymmetry trends seen in Figs. 2 and 4 , as well as the backaction of EIT onto optical pumping, have also been observed at other magnetic fields. In these studies it is confirmed that the asymmetries in photon scattering and optical pumping, seen between positive and negative coupling detuning Δ C and velocities v, are due to the nonlinear Zeeman effect and generally increase with magnetic field. Asymmetry already becomes evident at fields as small as about 5 Gauss; in lesser fields the nonlinear Zeeman effect is so small that spectra, photon-scattering and optical-pumping maps are essentially symmetric in Δ C and v. At small fields below about 15 Gauss, the quadratic Zeeman shifts mostly manifest as an asymmetry in the line heights that traces back to an asymmetry in optical pumping (which is due to quadratic Zeeman shifts that are too small to be observed in line positions). At higher fields, the quadratic Zeeman shifts can also be directly seen in an asymmetry in line positions and splittings. . The EIT spectra in (a) are approximately symmetric about Δ C = 0, while they are highly asymmetric in shape and background absorption in Fig. 5(b) . The asymmetry is due to the quadratic Zeeman effect of the intermediate 6P 3/2 level. The line labels and types are explained in Fig. 1 and in the text. 
Optical-pumping effects on EIT for other polarizations
We have also observed asymmetry of Rydberg EIT spectra in a series of analogous experiments for polarization cases 852 σ + / 510 σ − and 852σ − / 510 σ + . The experimental results and corresponding simulations are shown in the top and bottom panels in Fig. 5 , respectively. When the magnetic field is only 5 Gauss, the Rydberg EIT spectra are almost symmetric about Δ C because in fields that small there is no significant quadratic Zeeman effect. In contrast, at 40 Gauss the Rydberg EIT spectra for the two polarization cases in Fig.  5 are highly asymmetric, in a way that closely resembles the asymmetry seen in Fig. 2 .
Especially, there are three clear satellite peaks, B, C and D, on the blue side of A, while there are no significant satellite peaks, B' etc, on the red side of A′. The increase in asymmetry at larger magnetic fields reflects the increasing importance of the quadratic Zeeman effect in those fields.
It is also noted that the quadratic Zeeman effect brings about an asymmetry in overall background absorption. At 5 Gauss the absorption away from the EIT peaks is almost the same for σ + -and σ − -polarized probe fields, while at 40 Gauss the σ + -polarized probe is considerably more absorbed than the σ − -polarized probe. Note the corresponding difference in the number of scattered photons in the simulations (bottom panels in Fig. 5 ). Another interesting observation in the 40-Gauss data in Fig. 5 is the clear appearance of the "Type-II"-peaks. As seen in Fig. 1(a) , the "Type-II"-transitions, shown by dashed green arrows, have much lower Rabi frequencies than the dominant "Type-I"-transitions (solid green arrows).
The difference in Rabi frequencies is mostly caused by the different sizes of the inner products between the electron-spin parts of the intermediate and the Rydberg states; the "Type II"-transitions tend to flip the spin. Since the Rydberg state is in the deep hyperfine Paschen-Back regime, the frequency shift between corresponding Type-I and Type-II lines is B × 2.8 MHz/Gauss, corresponding to 112 MHz in the right panels in Fig. 5 (see horizontal arrows).
Conclusion
We have performed Rydberg EIT spectroscopy in a cesium room-temperature vapor cell when an axial magnetic field in the range between 0 and 50 Gauss is applied. The Rydberg EIT spectra exhibit characteristic sets of peaks and satellite lines that become noticeably asymmetric at fields as low as 5 Gauss, and highly asymmetric in fields of ~ 40 Gauss and above. We have modeled the spectra using Quantum Monte Carlo wave-function simulations. The EIT spectra were found to be quite susceptible to the quadratic Zeeman effect, which leads to considerable asymmetry in both the line splittings and the line strengths and shapes of the red-detuned versus the blue-detuned Zeeman features of the EIT lines. The simulations also showed that the asymmetry in EIT satellite line strengths is, in large parts, due to differences in the optical-pumping efficiency on the red versus the blue shifted parts of the spectra. The presented results are a prerequisite for spectroscopic, EIT-based diagnostics that involve a background magnetic field in the tens to hundreds of Gauss range. In this regime, optical pumping rates are reduced in comparison with field-free conditions, but they are still high enough to affect EIT spectra. Moreover, there is a cross talk between EIT and optical pumping that must be modeled for a quantitative interpretation of spectroscopic results. At lower magnetic fields, optical pumping rates are not reduced by Zeeman detunings and approach the field-free case, while at higher fields optical pumping tends to become ineffective. Our work addresses applications in the intermediate magnetic-field regime of tens to hundreds of Gauss, which can benefit from a detailed modeling. As an example, in a recent study the electric fields in magnetized plasma have been characterized using Rydberg EIT and electric-field-induced Stark shifts of Rydberg levels [28] . This study has already benefited from the insights obtained in the present work. Atom-based electric-field diagnostics using Rydberg EIT in magnetized plasma may also apply to other technical implementations, such as process plasma, Hall thruster etc.
